Adverse environmental (abiotic) stressors, such as prolonged periods of drought, limit production in modern agriculture. The phytohormone abscisic acid (ABA) is a key hormone produced under abiotic stress conditions and is a regulator of diverse plant stress resistance and developmental processes. Understanding ABA-mediated regulation of plant stress responses and plant development is key to improving abiotic stress resistance of modern crop varieties.
Abscisic Acid Biosynthesis
ABA is a sesquiterpenoid synthesized from zeaxanthin in a five-step biosynthetic process, catalyzed by the proteins ABA1, ABA4, NCED, ABA2, and ABA3. Zeaxanthin and initial biosynthetic reactions are localized in plastids while the reactions after xanthoxin (ABA2, ABA3) are localized in the cytoplasm. The hormone is catabolized either by CYP707A mediated oxidative degradation or conjugation with glucose. Alternative biosynthesis pathways exist in fungi.
ABA Receptor Signal Transduction Core
ABA binds to the intracellular PYR/RCAR receptors. Binding of ABA to these receptors enhances their interaction with and inhibition of clade A PP2C protein phosphatases. PP2C inhibition enables the activation of SnRK2/OST1 (Open Stomata 1) protein kinases. These kinases phosphorylate and activate targets, including ion channels that mediate stomatal closure and transcription factors that function in transcriptional networks, which leads to the synthesis of proteins and molecules capable of preventing damage caused by abiotic stresses. The PP2C phosphatases also dephosphorylate additional downstream targets, including channels and transcription factors.
Guard Cell ABA Signaling and ABA Signaling during Seed Germination
Two guard cells surround each stomatal pore through which plants take in CO 2 but also lose water. ABA regulates guard cell ion fluxes to mediate stomatal pore closure and reduce transpirational water loss. In the absence of ABA or at low basal ABA levels, PP2Cs are active and directly inhibit the ABA-activated protein kinase OST1, as well as the S-type anion channel SLAC1 and other ion channels. In response to drought conditions, guard cell ABA levels increase, enabling activation of OST1 and other signaling mechanisms that include molecules such as reactive oxygen species (ROS) and Ca
2+
. OST1 in concert with ROS and Ca 2+ together with Ca 2+ -dependent protein kinases activate anion channels, Ca 2+ -permeable channels, and K + efflux channels and inhibit H + pumps and K + influx channels. Ion efflux from guard cells is accompanied by an osmotic water efflux that results in loss of guard cell turgor and stomatal closure. Stomatal closure reduces water loss of plants during drought.
A complex network of transcription factors control gene expression required for inhibiting seed germination. High ABA concentrations in seeds activate transcription factors, including ABI3/ABI4/ABI5, and suppress germination (i.e., stabilize dormancy). Decreasing ABA concentrations along with rising gibberellin concentration initiates the transition from dormancy to germination. Additional transcription factors shown in the figure function in mediating dormancy and desiccation tolerance of seeds.
ABA-Marker Gene Expression
RAB18 and RD29B are marker genes for ABA-induced gene expression. The heatmaps, generated using Genevestigator (https://genevestigator.com/gv), show expression patterns of RAB18 and RD29B at basal native ABA concentrations. Based on these data, ABA-dependent gene expression combined with tissue-dependent basal ABA levels is pronounced in guard cells and seeds and less active in roots under non-stressed conditions. Abiotic stress and ABA further enhance RAB18/RD29B expression.
ABA Transport
Members of the ATP-binding cassette (ABCG) transporter family, the NRT1/PTR Family (NPF), and the DTX/MATE-type transporter DTX50 have been characterized as ABA transporters. These ABA transporters localize in the plasma membrane and either export ABA from source tissues where ABA is synthesized, such as vascular tissues and the seed endosperm, or import ABA into sink tissues, such as embryos or guard cells. Although several ABA transporters of the NPF family require further characterization, NPF4.6 functions in retaining ABA in source vascular tissues. Guard cells synthesize ABA and express both ABA importers (ABCG40 and ABCG22) and exporters (DTX50).
Protein Turnover Regulation in ABA Signaling
Protein abundance of key components in the ABA signal transduction network is regulated by ubiquitination-mediated degradation by the 26S-proteasome or vesicle-mediated delivery and degradation in vacuoles. Both systems contribute to the spatio-temporal behavior of ABA signal transduction, enabling plants to adjust to changes in growth and environmental conditions. Proteins, from the PYR/RCAR ABA receptors to ABA-responsive transcription factors, are targeted for proteasomal degradation by several distinct ubiquitin (Ub) ligases, including the RING domain E3 ligases RSL1, RGLG1/5, and KEG and the UBOX E3 ligases PUB12/13.
ABA Control of Root Growth
Environmental stimuli, including availability of water, nutrients, and salt, control root development and architecture. ABA modulates root growth in response to changing growth conditions. ABA controls aspects of root growth and development, including stimulation of primary root growth at intermediate ABA concentrations, which enables roots to grow deeper and seek water during drought. ABA acts specifically in the endodermis of roots for control of primary and lateral root elongation in response to salt stress. ABA can function synergistically or antagonistically with other hormones and signals, including auxin, ethylene, and ROS, to fine-tune root architecture. New evidence suggests that ABA regulates directional (tropic) root growth by modulating differential growth in cortical cells of the elongation zone to promote hydrotropic bending. The role of ABA signaling in root growth may vary among plant species dependent on ABA concentration.
